We describe a new technique for the morphological characterization of immunohistochemically labeled neuron populations. We demonstrate that it is possible to fd neurons iontophoretically with Lucifer Yellow (LY) in fned slices of cat visual cortex after the respective cells have been identified by indirect immunofluorescenQ for the neural cell adhesion molecule N-CAM 180, with the VC1.l antibody or with an antibody against glutamate dehydrogenase (GAD). Morphological analysis of the injected cells at the light and electron miaompic level revealed that the N-CAM 180-positive neurons share the features of neuropeptidergic cortical in-
Introduction
Over the last decade a large number of molecules have been discovered in the nervous system that are associated with the surface of neuronal and glial cells (1,2; for review see 3) . Although considerable progress has been made in elucidating their biochemical properties, relatively little is known about their function. By use of immunohistochemistry and lectin labeling, various subpopulations of neurons bearing such determinants have been identified. However, additional methods are needed to allow a more detailed morphological characterization of the respective cells. In many cases surface molecules are restricted to limited regions of a cell, making it difficult to assess the cell's morphology on the basis of immunohistochemical or lectin staining alone. We therefore investigated whether immunohistochemically defined cells can be injected selectively with Lucifer Yellow (LY) to visualize their morphological features (for review of the LY technique see 4). LY injections have been combined previously with affinity labeling but in reverse order: cells were first filled with LY and subsequently fluorescent lectin staining was performed to detect a surface carbohydrate (1) . This method allowed very good characterization of the double-labeled cells but it had some disadvantages. First, if only a few cells carry the determinant, as it is often the case, a very large number of cells must be injected to obtain enough double-labeled cells. Second, because the injections must be performed "blindly" it may be difficult to label representative samples of cells. Third, immunohistochemical labeling of intracellular proteins in LY-filled cells is fraught with the additional problem that the antigenicity of the protein may be altered by LY binding, which can lead to falsenegative results ( 5 ) . Obviously, all of these difficulties can be overcome if it is possible to first label cells immunohistochemically and to selectively inject only the immunoreactive cells.
To examine this possibility we studied a subpopulation of neurons that are recognized by an antibody against an intracellular epitope of the 180 KD isoform of the neural cell adhesion molecule N-CAM (6) (7) (8) (Figure 1 ). In adult cat visual cortex this molecule is expressed by a subpopulation of neurons that are distributed throughout the cortex, including the white matter (9).
In addition, to test for a more general applicability of the method we also injected cells that had been immunolabeled with the VC1.1 antibody (lo), which is directed against an extracellular surface antigen, and with an antibody against glutamate dehydrogenase (11), which recognizes a cytosolic antigen.
Materials and Methods
Animals and Tissue ProcesSing. We examined the visual cortices of three adult cats that were raised in the Institute's animal colony. LP 590. Immunoreactive cells selected for injection were brought into focus in the center of the chamber. The filter combination was changed to BP 400-440, F ' r 460, LP 470 to visualize the LY electrode while it was advanced towards the labeled cell. Strong and immediate LY fluorescence of the focused cell body indicated successful penetration of the electrode. Cells were then filled by applying constant negative current of 1.5-3 nA for 13-20 min. After about 10 immunoreactive cells had been filled, the sections were mounted on slides. Some were coverslipped in 90% glycerine-PB and sealed with nailpolish. Others were coverslipped in PBS to be examined and pho-were deeply anesthetized with an IP injection of sodium pentobarbital (300 mglkg body weight) and then transcardially perfused with 0.1 M PBS, pH 7.4, followed by 4% paraformaldehyde in PBS (pH 7.4) . The brains were removed from the skull and then post-fixed for 2 hr in the same fixative. Sections of the visual cortex were prepared at a thickness of 100 pm in the horizontal or frontal plane with a vibratome (Pelco; Redding, CA).
tographed before further processing (see below).
To obtain permanent preparation of the LY labeled cells, some of the injected cells were photo-oxidized immediately after filling. For this, the sections were pre-incubated for 10 min in a solution of 0.1% 3.3'diaminobenzidine (DAB) (Polysciences; Warrington, PA) and 0.1% potas-Antibodies. The D3 antibody was kindly provided by Drs. Iris Kramer and Melitta Schachner of the Swiss Federal Institute of Technology in Zurich. This is a monoclonal antibody from mouse directed against an intracellular epitope of N-CAM 180. The VC1.l antibody was purchased from Sigma (St Louis, MO). This is a monoclonal mouse IgM antibody against an extracellular surface antigen. The antibody against GAD from goat was donated to us by Dr. Wolfgang Oertel of the Ludwig-Maximilians-University in Munich. A polyclonal antibody from rabbit directed against LY was kindly supplied by Dr. Tom Ruigrok from the Erasmus University, Rotterdam.
Pre-filling Immunohistochemical Procedures. After washing in PBS (three times for 10 min), N-CAM immunohistochemistry was performed with the D3 antibody (6) . The sections were incubated in the primary antibody diluted 1:7500 in 1% bovine serum albumin (BSA) in PBS for 3 days at 4°C under gentle agitation. After washing in PBS (three times for 10 min), the tissue was reacted for 90 min at room temperature with biotinylated secondary antibody against mouse IgG (Vector Labs; Burlingame, CA) diluted 1:200 in 1% BSA in PBS. After repeated washing (three times for 10 min), the sections were incubated for 1 hr at room temperature in tetramethylrhodamine isothiocyanate (TR1TC)-labeled avidin (Vector) diluted 1:500 in PBS. Immunostaining was completed after again washing the sections in PBS (three times for 10 min). Sections incubated without the primary antibody but otherwise processed as usual served as controls. During the entire immunohistochemical procedure the use of detergents was strictly omitted, for two reasons. First, the N-CAM-positive cell bodies were visible only when no detergents were included in the incubation medium, since N-CAM 180 molecule complexes within the membrane appear to be disturbed by detergents (Iris Kramer, personal communication). Second, it is important not to destroy the integrity of the plasma membranes of neurons to enable LY filling.
For VC1.1 and GAD immunohistochemistry, sections were treated as above, replacing the primary and secondary antibodies as follows. The VC1.l antibody was used at a concentration of 1:8000. The biotinylated secondary antibody was directed against mouse IgM (Vector). The GAD antibody was used at a concentration of 1:1500 and was labeled by a biotinylated secondary antibody directed against goal IgG (Vector). Again, use of detergents was avoided to ensure preservation of the plasma membrane for the LY filling.
Immediately after the end of the immunohistochemical procedures the fluorescent dye Lucifer Yellow CH-dilithium salt (LY) (Sigma) was iontopho-sium cyanide (Merck; Darmstadt, Germany) in PB to suppress unspecific staining. The photoconversion was performed with the same solution by exposure to epifluorescence through a x 16 or x 25 objective (Neofluar; Zeiss, Gottingen, Germany) for 15-30 min, using the same excitation filter and light sources as for visualization of the LY electrode (see above).
Alternatively, sections were treated with an antibody against LY using a protocol similar to that of Wouterlood et al. (12) . After the LY filling the sections were pre-incubated in a solution of 20% normal goat serum (NGS), 10% bovine serum albumin (BSA) and 0.01 M D-L-lysine in PBS for 2.5 hr. Subsequently, sections were incubated with the primary antibody, anti-LY fromrabbit. diluted 1:4000 in 10% NGS, 5 % BSA, 5% sucrose, 0.5% Triton X-100 (Boehringer; Mannheim, Germany) and 0.05% NaN3 in PBS for 20 hr at room temperature under gentle agitation. After washing in PBS (three times for 15 min), sections were exposed for 3 hr to the biotinylated secondary antibody against rabbit IgG from goat (Sigma) diluted NO0 in 10% NGS, 5% BSA, and 0.5% Triton X-100 in PBS. After a further wash in PBS. the avidin-biotin-peroxidase complex (ABC Kit; Vector) was applied for 1 hr at a dilution of 1:200 in PBS. After washing in PBS (three times for 15 min), sections were developed in DAB (Sigma). We used 0.05% DAB with 0.033% H202 in PB for 15 min. After a final rinse in PB (three times for 15 min), the sections were mounted on gelatin-coated glass slides, air-dried, cleared in Histoclear (Shandon; Frankfurt, Germany) twice for 5 min each, and coverslipped with Histomount (Shandon).
In sections not treated further after filling, labeled cells were examined and photographed under a Zeiss photomicroscope I11 using the abovementioned filter combinations to detect both the immunoreactivity and LY. Camera lucida drawings were made using a x40 objective after clearing the sections in 100% dimethylsulfoxide (DMSO) (Merck). Sections selected for further processing were unmounted and treated as described above. The permanently labeled cells were then examined, drawn, and photographed using a x 100 oil-immersion objective.
Since the sections treated with the antibody against LY were unsuitable for electron microscopy because the use of detergents could not be avoided, only photo-oxidized cells were prepared for ultrastructural examination. Sections containing filled cells that had been immunopositive for the D3 antibody were selected for this and were post-fixed in 5% glutaraldehyde in PB (pH 7.4) for 1 hr. After washing in PB, the tissue was briefly osmicated in 0.5% Os04 solution in PB for 5-10 min, dehydrated in a graded series of ethanol, and flat-embedded in Durcupan (Fluka; Buchs, Switzerland) (13). After 2-3 days of polymerization at 60°C the DAB product was W INJECTIONS INTO IMMUNOHISTOCHEMICALLY PE-LABELED NEURONS 1 still visible in the embedded material. Blocks containing the filled neurons were cut out under visual control and trimmed in a microtome. Both semi-thin (1 p) and ultra-thin (100 nm) sections were prepared. The ultrathin sections were examined and photographed with a Zeiss EM10 electron microscope. To enhance the contrast of the tissue, some ultra-thin sections were treated with lead citrate for 2 min (14).
Results

FiEng of Neurons Immunopositive for 0 3 Antibody
Cells with N-CAM 180-like immunoreactivity were distributed throughout all cortical layers and the white matter. Typically, the staining of their plasma membranes was punctate, covering the soma and often proximal parts of the major dendrites (see Figure 2 ). Control sections were unstained. Since the use of detergents was strictly avoided during the immunohistochemical procedures, it is important to note that we could observe labeled neurons throughout the entire depth of the slice, not only close to the surface. Although there was also diffuse staining of the neuropil, these labeled cell bodies were always clearly distinguishable from the background even under the suboptimal optical conditions in the slice chamber. After penetration the majority of cells (80%) could be successfully filled with LY. Usually several dendrites became recognizable and could be followed for more than 100 pm. In some cases the axon of the cell was also filled. Figures 3A-3D show a well-filled pre-labeled neuron and show that the different fluorescence signals reflecting immunoreactivity and LY staining, respectively, remain readily distinguishable.
In the remaining 20% of successfully penetrated neurons dendrite staining was incomplete despite good filling of the cell body. We could not determine whether this was due to diffusion barriers resulting from immunostaining or whether the missing dendrites had been cut off. In total, we filled more than 80 D3-positive neurons in all cortical layers; 50 of them were documented by camera lucida drawings. A representative sample of these is shown in Figure 4 .
The immunoreactive cells represent a heterogeneous population of non-pyramidal neurons which are distributed throughout all cortical layers and the white matter. Their somata varied considerably in size and their dendrites were always non-spiny, some of them having a beaded appearance (see Figure 3D ). Electron microscopic inspection showed that tissue preservation was sufficiently good for evaluation of the ultrastructural features of this subset of neurons, although paraformaldehyde had to be used as the primary fixative to enable immunohistochemistry (see Figure 5 ) . U1trastructural examination revealed additional details of the dendrite morphology of the neurons (see Figure 6A ) and allowed identification of their output synapses. In some cases, classification of the contacts was difficult because the DAB reaction product often covered subcellular structures such as vesicles and plasma membrane specializations. As mentioned above, the primary fixation with paraformaldehyde was not optimally suited for electron In spite of this we found the majority of the labeled synapses to be classifiable and to belong to the symmetric type (Figure 6B ), suggesting that they may be inhibitory and may use GABA as one of their neurotransmitters (15). In a few cases the synaptic structure could be classified as asymmetric. As postsynaptic targets we observed both dendrite shafts and spines.
Filling of Neurons Immunopositive for VC1.1 or GAD
To test the scope of this method, we also applied this technique to cells characterized by other antigens. With the antibody VC1.1 we obtained an immunohistochemical staining pattern of neurons similar to that described previously (10). We filled 30 of these neurons and documented 10 of them by camera lucida drawings. As was the case with the D3 antibody, about 80% of the successfully penetrated neurons could be filled, as illustrated in Figures 7A-7D . However, the immunopositive neuron cell bodies appeared to be mainly localized close to the surface of the sections. Therefore, filling of these cells was less complete than that of cells immunopositive for the D3 antibody. The morphological features of the VC1.1positive neurons ( Figure 7D The staining pattern obtained with the GAD antibody was also in good agreement with previous descriptions (15), despite the fact that no detergents had been used. Remarkably, it was also possible to fill several of these neurons although their somata were densely immunostained ( Figures 8A-8C ). However, only approximately 60% of the selected neurons could be successfully filled. In the other cases only the cell body but no dendrites could be visualized by LY. In total numbers, 30 GAD-positive neurons were successfully penetrated, 17 of which could be filled satisfactorily. As expected, these neurons were non-spiny and morphologically heterogeneous.
Discussion
This study proves that it is possible to apply the LY filling technique to cells previously labeled immunohistochemically. This enables one to examine the morphological features of immunohistochemically identified subclasses of neurons at the light and electron microscopic level. The particular advantage of this method is that the class of cells to be examined can be selected before the injections. This economizes on the time of the experimenter and overcomes the problems that arise when immunohistochemistry follows cell injection (see Introduction and below).
FiUing of Immunohistochemicaly LabeLed Neurons
D3 immunostaining yielded the typical results observed in previous studies, despite the fact that the sections investigated here were much thicker than in the usual immunohistochemical procedure.
The punctate pattern of cell surface staining agrees with findings that N-CAM 180 is localized at synapses (8) . The VC1.1 antibody labels an antigen that is assumed to be mainly associated with the extracellular domains of various membrane-bound glycoproteins (10). Although we achieved the typical immunostaining of a subpopulation of neurons mainly localized in Layer IV, these were confined to regions close to the surface of the section. This is presumably due to the fact that the antibody is of the IgM class, which hinders penetration of the entire section thickness. Quite unexpectedly, it proved to be possible not only to immunolabel cells with antibodies directed against cytosolic antigens without detergents but also to obtain satisfactory filling of such cells. Filling of cells that were labeled with antibodies directed against membranebound antigens was comparable to that obtained in other studies with untreated cells in fixed-slice tissue (17) and was only slightly less complete than in slices of living tissue (1) . In particular, if one considers that living slices are usually much thicker (about 400 pm), the extent of dendrite arborizations revealed in the present study appears rather satisfactory. However, axon filling was not as complete as in living-slice preparations, which seems to be a general problem of LY filling in fixed tissue (4, 17) . Hence, when longdistance axon connections are to be traced the present method is inadequate. Further limitations are that only those antigens can be recognized that are accessible for antibodies without the use of detergents, because the intracellular filling procedure requires an intact plasma membrane. However, as the present results indicate, this does not rule out the identification of intracellular antigens, since the D3 antibody recognized an intracellular epitope of the N-CAM protein and the GAD antibody recognized a cytosolic enzyme. Because the VC1.1-labeled neurons were confined to regions close to the slice surface, labeling was not as complete as for cells identified with the D3 antibody. The main reason for this is that many dendrites were cut off. Therefore, in this case the limiting factor is not the filling procedure but the penetration of the antibody.
Intact dendrites were filled as readily as those of similar classes of neurons without prior immunostaining (17; and Ralf Galuske, personal observation).
However, problems with filling were encountered in the cells immunolabeled with GAD. In about 40% of cases filling was not possible. This was probably due to the large antibody complexes formed during the immunocytochemical procedure, which inhibit the free intracellular diffusion of the LY and prevent sufficient intracellular staining. Therefore, the method can in principle be applied also to cell populations identified through cytosolic antigens, but the success rate is lower than for membrane-bound antigens.
In any case, these limitations compare well with the problems encountered when immunohistochemistry is performed after cell filling. In the latter case there is the time-consuming need to inject many cells, to increase the chances of including cells with the required immunological properties. Furthermore, the illumination with high-intensity fluorescent light required during cell filling can cause alterations of proteins, particularly once the dye is in the cell. Such has been observed for the enzyme horseradish peroxidase (Ralf Galuske, personal observation). Finally, intracellular an-50 pm 50 pm tigens can become masked by LY, which is known to bind to cell proteins (5). For similar reasons, post-embedding immunohistochemistry of previously photo-oxidized LYfilled neurons for ultrastructural examination is also critical (4). The procedures required for electron microscopy, particularly photo-oxidation, are likely to cause additional denaturation of macromolecules, thus masking or destroying antigenic sites.
In conclusion, the present method appears to be a good compromise between optimal immunolabeling and maximal recovery of morphological details, especially if one wishes to study cells that are infrequent. In our case, preservation of ultrastructure was good enough to identify the output synapses of immunoreactive neurons, even though we encountered the usual problems that arise when intracellular filling techniques are combined with electron microscopic investigation, such as the masking of subcellular details by a dense DAB precipitate. This opens new possibilities for analysis of the microcircuitry of immunohistochemically characterized cells, especially when antigens are not localized at the synaptic terminals. The geometry of the synaptic contacts of the D3positive cells often appeared symmetric, but asymmetric contacts could also be observed. This suggests that N-CAM 180 is expressed by a subpopulation of neurons which are heterogeneous with respect to their neurotransmitters. On the basis of the morphological characteristics and ultrastructural features of these cells, it is now possible to make educated guesses about the neurotransmitters they might contain. Likely candidates are y-aminobutyric acid (GABA) and the neuropeptides vasoactive intestinal polypeptide (VIP) and somatostatin (18,19) . These possibilities can now be investigated more directly with immunocytochemical double-labeling techniques.
In summary, the LY-filling technique described here appears to be a potent method for identification of neuron subpopulations that share a particular antigen, especially if the antigen is membrane bound. As there is increasing evidence that surface molecules exhibit highly diverse and specific antigenicity and play an important role in cell-cell recognition, synaptogenesis, and stabilization of connections (3,7,8) , the ability to morphologically characterize cells exhibiting particular surface antigens may become helpful in studies of development and synaptic plasticity.
